LFY and its orthologues are necessary for flower specification in diverse dicotyledonous plants. The spatial and temporal RNA expression pattern of a rice LFY-like gene: RFL differs significantly from that in several other species studied thus far. The onset of RFL expression coincides with inflorescence meristem (panicle meristem) initiation, and continues during panicle branching. Notably, incipient flower primordia have lower expression levels, and during floral organogenesis the expression is restricted to second-whorl lodicules. To explore mechanisms underlying this distinct expression pattern, we have tested the transcription regulatory functions of sequences upstream to RFL coding sequences either alone, or together with intragenic segments. Sequences 3.0 kb upstream of the RFL reading frame do not confer correctly regulated reporter gene expression in transgenic rice. In contrast, RFL intron1 or 2 can individually confer the expected profile in the developing panicle and floret. However, the additional repression of expression in vegetative tissues, is a pattern achieved by intron2 together with far-upstream sequences. Strikingly, RFL intron2 sequences can even utilize the Arabidopsis thaliana LFY promoter to confer regulated transcription in young rice panicles. By sequence comparison of RFL upstream sequences, intron1, intron2 and the Arabidopsis LFY promoter, we identify putative cis-regulatory elements unique to RFL. These data exemplify the use of regulatory circuits specific to rice RFL that may underlie its divergent function. q
Introduction
Determination of alternative cell fates is often achieved through temporally and spatially controlled activation of regulatory genes. In plants a dramatic switch in cell fate occurs upon flowering that generates new organs unique to flowers. Analyses of Arabidopsis mutants that affect transition to flowering or those that alter floral meristem fate have identified several regulatory proteins. Floral meristem identity genes in Arabidopsis include a redundant group of four genes: LFY, AP1, AP2, and CAL (Weigel et al., 1992; Bowman et al., 1993) . Of these, LFY is a major determinant since reduction or loss of its activity has the strongest effects on floral identity. LFY expression is regulated and restricted to small groups of cells flanking the shoot apical meristem wherein its high level expression marks the alteration of fate from a leaf primordium to a floral primordium (Weigel et al., 1992) . Transcription activation of LFY occurs through a pathway dependent on the positive regulator-CONSTANS (CO). It is also independently influenced by the hormone gibberellic acid (GA) (Simon et al., 1996; Blazquez et al., 1998; Blazquez and Weigel, 2000) . co mutants show delayed flowering even in long days, conditions normally conducive to flowering (Putterill et al., 1995; Nilsson et al., 1998) . In contrast, the GA-dependent pathway for LFY activation operates in repressive short-day conditions Nilsson et al., 1998) . In addition to LFY, the FLOWERING LOCUS T (FT) is a second critical regulator that integrates signals from various floral induction pathways. FT acts in a pathway parallel to LFY, and is also downstream of the photoperiod-dependent and independent pathways for floral induction (Kardailsky et al., 1999) . While the mechanism of action for FT is unknown, LFY is a direct transcription activator of other floral meristem determinants, and floral organ patterning factors (Parcy et al., 1998 , Wagner et al., 1999 Busch et al., 1999) .
The molecular basis of transition to flowering in monocots, to which majority of the crops belong is poorly understood. Recent studies of grass homologues for the Arabidopsis flowering regulators indicate that some aspects of this pathway operate similarly even in this divergent plant family. For instance, the rice gene HD1 contributes to heading date-an indicator of time to flowering, and shares sequence similarity with CO of Arabidopsis, a flowering time gene in the model dicot (Yano et al., 2000) . Further, constitutive expression of the Arabidopsis LFY gene in transgenic rice advances flowering by , 30 days (He et al., 2000) . While these data point to gross similarities between monocots and dicots for floral induction, the onset and domain of expression of two monocot LFY homologues differ distinctively suggesting novel functions for grass LFY like genes. A rice cDNA: RFL ( rice FLO/LFY), related by sequence to LFY, was found to be expressed first in the branching inflorescence meristem a developmental stage prior to floral meristem specification (Kyozuka et al., 1998) . Its expression in the rice floral meristem is as yet unreported and this is investigated here. Transcription activation of another monocot LFY homologue, LtLFY from Lolium temulentum is delayed compared to RFL despite the two proteins being significantly similar (, 84%) (Gocal et al., 2001) . We have characterized OSL (Oryza sativa LFY) genomic locus from an indica variety of rice and find it to encode the same gene as RFL cDNA, previously cloned from a japonica variety (Kushalappa, 1999; Kyozuka et al., 1998) . To examine if the expression of RFL in the rice inflorescence arises from unique regulatory circuits we have examined the behavior of several translational RFL ::reporter gene fusions in transgenic plants. We demonstrate that RFL introns function as transcription enhancers, in a sequence-context independent manner, for expression in the panicle meristem. Further, we show that the precise expression of RFL in only the panicle and young flower meristems is achieved by intron2, in concert with farupstream sequences. These sequence elements are also responsible for low level expression in the floral meristem and second-whorl floral organ primordia. We also show that the Arabidopsis thaliana LFY promoter does not function in rice and that the RFL intron2 can confer regulated expression in the rice panicle even with this heterologous promoter. We suggest the RY-repeats/Sph elements unique to RFL introns, as one of the candidate elements for the inflorescence/panicle expression. The data provide plausible mechanistic basis for the novel pattern of RFL expression in the inflorescence apical meristem, its derivative branching meristems and the young flower bearing spikelet meristem.
Results

Cloning and analysis of RFL genomic sequences
We have examined the developmentally regulated expression of RFL during rice inflorescence and flower development and have examined cis-sequence elements that control its unique expression profile. Genomic clones for RFL were isolated by screening a cosmid library with partial cDNAs that were obtained earlier through RT-PCR. These genomic sequences were termed OSL (Accession No. AF065992 and AF397034) ( Fig. 2A) . The deduced protein encoded by this indica genomic locus differs from the reported RFL cDNA (Kyozuka et al., 1998) by only one amino acid, Asp139 is replaced by Glu, a change most likely due to ecotype/varietal differences (Kushalappa, 1999) . We therefore refer to this gene as RFL. To locate potential ciselements that influence RFL expression, sequences upto 3.5 kb upstream of the RFL open reading frame were subcloned and analyzed. Upstream to the translational start codon are several consensus binding sites for potential transcription factors (Fig. 1A) . Noteworthy are the motifs similar to those found in promoters of light regulated (ACGT box and Gbox) and GA responsive genes (AMY box: TAACARA) (Martinez-Garcia et al., 2000; Urao et al., 1993; Blazquez and Weigel, 2000) . Most of these predicted motifs are also present in 2.3 kb genomic sequences upstream of Arabidopsis LFY. In Arabidopsis this 2.3 kb LFY promoter is sufficient for correctly regulated expression and can drive the expression of a LFY cDNA to complement lfy null mutations (Blazquez et al., 1997) .
Regulated expression of RFL-reporter gene fusions
To examine the contribution of RFL genomic sequences towards its unique developmentally regulated expression we have studied reporter activity profiles produced in transgenic rice carrying translational RFL::uidA (b-glucuronidase-GUS) gene fusions. These constructs varied in the length and position of RFL genomic DNA and they were designed to examine the effects of sequences upstream of the start codon and also those from within the gene (Figs. 1A, . Each construct was transformed into rice by Agrobacterium co-cultivation and between eight to twelve independent transgenic lines were examined for reporter activity. While the staining intensities varied slightly in independently generated transgenics carrying any given construct, the pattern of GUS activity was strictly invariant in all the lines for that construct. Therefore, we infer that expression pattern reported in each case arises from intrinsic transcription activation property of the RFL sequences and are not influenced by genomic sequences at the site of transgene insertion. In all instances the reporter activity observed in various developmental stages was compared to the RFL RNA localization profiles as determined by RNA in situ hybridizations reported here and those of Kyozuka et al. (1998) .
2.3. Genomic sequences present upto 2 3.0 kb upstream of the start codon are themselves insufficient for correctly regulated expression of RFL GUS activity was studied in plants bearing constructs where sequences 5 0 to RFL ATG were fused to uidA (GUS).
We find that elements upto 2 3.0 kb (Fig. 1A , HURL) do not drive reporter gene expression in the vegetative shoot apical meristem or in the young branching flowering stem (panicle) or young flowers ( Fig. 1B, C ; Table 1 ). In contrast, the branching young panicle is known to express endogenous RFL transcripts to high levels (Kyozuka et al., 1998; and our data Fig. 2I -L) . The only tissue with GUS activity in these transgenic plants was the anthers reflecting an extremely late and non-specific expression profile; RFL RNA is never observed in anthers ( Fig. 1D and E). None of these patterns reflect the transcription profile of RFL (Kyozuka et al., 1998; and Fig. 2I -P and our unpublished data) . This series of deletion constructs reveal that for basal promoter activity sequences 2 544 bp immediately upstream of the RFL start codon is required. Deletions that encroach further into these sequences do not confer GUS activity in any tissue (Fig. 1F vs. G; Table 1 ). These data clearly indicate that the candidate cis-regulatory elements present 2 3.0 kb upstream of the RFL start codon are not sufficient for its activation during early stages of inflorescence and spikelet/ floret development. This contrasts with the ability of 2 2.3 kb of LFY upstream sequences to direct the correctly regulated pattern of LFY expression in only the Arabidopsis floral meristems and young leaf primordia and not the inflorescence meristem (Blazquez et al., 1997) .
Specific transcription activation of RFL during panicle initiation, branching and floret specification
The RFL gene contains three exons and two introns. Intron1 is 208 bp while intron2 is 1209 bp (Kushalappa, 1999) . Since sequences upstream of the RFL start codon are not the basis for its panicle specific expression, we examined the contribution of sequences 3.0 kb upstream of the start codon together with intragenic sequences upto the first 40 bp of exon3 for transcription regulatory function. These RFL genomic sequences were translationally fused to Reporter activity is also seen in young leaf primordia (blue arrow). (E) Early stages of secondary branch differentiation. The yellow arrowhead points to the apex of primary rachis branch, and the cyan arrowhead indicates the emerging secondary rachis branch primordia. GUS activity is down-regulated in the apex of primary branches (yellow arrowhead). (F) Branches at various stages of development. White arrow shows a young prb primordia. Cyan arrow shows a prb with differentiating secondary rachis branches. GUS activity is down-regulated at sites which are to develop as secondary branches. Green arrow points to a prb with an incipient flower primordia. (G) A young flower primordia at high magnification. GUS activity is predominantly in layer 1 (green arrow) and in primordia for outer glumes (green arrowhead). (H) A flower during organogenesis. Weak GUS activity is seen in the lodicule (second-whorl), depicted by red arrowhead. No GUS activity is detected in the anther (cyan arrow). Inset shows an enlarged view of the lodicule. In all panels GUS activity is visible as pink-orange florescence in dark-field illumination (D -H). In situ hybridization of RFL RNA on the longitudinal sections of rice panicle during various developmental stages. (I), (K), (M) and (O) are bright-field photographs; corresponding dark-field images are (J), (L), (N) and (P), where RNA expression was detected as silver grains. (I) and (J) Young panicle with differentiating primary rachis branches (yellow arrowhead) and developing srb primordia (cyan arrowhead). (K) and (L) A portion of a young panicle with developing secondary rachis branch (cyan arrow) and young spikelet primordia (green arrow). (M) and (N) Spikelet primordium at the stage of lemma specification, green arrow points to an area where lodicule and/or stamen primordia are just about to emerge. (O) and (P) A flower during organ differentiation. Weak RFL expression is seen in the lodicule (secondwhorl) is highlighted by red arrowhead. Lemma/palea, stamen and carpel are depicted by red arrow, white arrowhead and white arrow, respectively. Scale bar is 100 mm in (C)-(P).
uidA (construct-RFLg::GUS) (Fig. 2B) . Twelve independent lines with RFLg::GUS were studied during panicle and spikelet development by examining reporter activity in histological sections ( Fig. 2C -H ). In the RFLg::GUS transgenics the vegetative shoot apical meristem (SAM) does not exhibit GUS activity (Fig. 2C) , a pattern identical to the RFL RNA distribution pattern (Kyozuka et al., 1998 ; and data not shown). However, in leaf sheaths and elongating blades of transgenic plants occasional patchy GUS staining was observed (Table 2) . Similarly random occurrence of RFL RNA in epidermal cells at the margins of some leaves has been reported (Kyozuka et al., 1998) . Notably no expression of RNA or reporter is detected in newly emerging leaf primordia (Kyozuka et al., 1998; and Fig. 2C) , this differs from Arabidopsis thaliana LFY Weak GUS activity in the lodicule (second-whorl) is shown by a yellow arrow and the outer glumes (bracts) shown by an ash arrowhead. GUS activity is not seen in the anther (cyan arrow). (H) Longitudinal section of a very young panicle in a I2B::GUS transgenic plant. Note high level activity in inflorescence apical meristem (white arrowhead) and primary rachis branch primordia (white arrow). Scale bar is 100 mm in (E)-(H). (I), (J) and (K) Leaf blades from 3-week old seedlings transgenic for RFLDI2::GUS, RFLDI1::GUS and I2B::GUS, respectively. expression that is first detected in emerging leaf primordia (Blazquez et al., 1997) . In rice, upon induction to reproductive development the vegetative apical meristem (SAM) is reorganized as inflorescence apical meristem (panicle meristem). On the flanks of this new and altered meristem primary rachis branch (prb) primordia are specified. Strong reporter activity was seen in the panicle apex (data not shown) and in the very early prb, again reflective of RFL RNA profile in wild type rice plants ( Fig.  2D and Kyozuka et al., 1998) . At this developmental stage some reporter activity in the young leaf primordia was observed. Differentiation of prb involves elongation and specification of secondary rachis branch (srb) primordia on its flanks. At this stage down-regulation of GUS activity was observed at the apex of the prb (Fig. 2E) . The emerging srb express GUS at their early differentiation stages (Fig. 2E ) after which down-regulation occurs now in the elongating srb (Fig. 2F) . The GUS activity profiles in these transgenic plants parallel the RFL RNA distribution pattern (Fig. 2E , F, I-L; and Kyozuka et al., 1998) . The apex of every prb forms a terminal spikelet after producing 2-3 srb primordia.
The reporter activity is down-regulated at the central region of this newly specified terminal spikelet primordium as is the RFL RNA (Fig. 2F , K, L). At this early stage of spikelet formation reporter activity is detected primarily in the outer glume (bract) primordia (Fig. 2G) . Notably, we also clearly observe GUS activity in the flower primordia particularly in layer 1 of the incipient flower meristem before specification of lemma/palea, first-whorl floral primordia (Fig. 2G) . RNA expression in the spikelet has not been previously reported (Kyozuka et al., 1998) , perhaps due to the lower expression levels in these cell types. Each spikelet in rice bears a single floral primordium. In this differentiating floral primordium only second-whorl lodicules express low levels of reporter activity, this observation again replicates the data from our RNA in situ hybridizations (Fig. 2H, 2M , N and 2O, P). While the GUS assays were qualitative, the rapid response in the young branching panicle (3 -4 h) obtained in independent lines demonstrates the strong activity of ciselements in the 5.4 kb of RFL sequences tested here. We surmise that the RFL expression profile as studied by RNA localization in various stages of panicle branching (Kyozuka et al., 1998 and our data) and during early stages of flower primordia specification, is largely reproduced in the GUS activity patterns of RFLg::GUS transgenic plants. These data demonstrate that controlling elements necessary for the regulated expression of RFL during panicle initiation and branching, and during floral primordia specification, lie within the gene.
RFL introns function as tissue and development specific transcription enhancers
Intragenic sequence elements particularly introns, are known to influence gene regulation. Among the few well studied developmentally regulated plant genes the 3.0 kb intron in the Arabidopsis AGAMOUS gene is the only example of intron-located regulatory elements. (Sieburth and Meyerowitz, 1997; Busch et al., 1999; Deyholos and Sieburth, 2000) . To investigate RFL introns for transcription regulatory activity we examined the behavior of a second series of reporter constructs in transgenic rice plants. Here we analyzed the contribution of RFL introns independently and in different sequence contexts. RFL::GUS translational fusions with a precise deletion of intron2 (RFLLI2::GUS) or intron1 (RFLD1::GUS) were generated (Fig. 3A, B ). We have also tested the consequences of placing either intron1 or intron2 upstream to the RFL basal promoter (2 544 to þ 1) in the situation when other upstream sequences are removed (Fig. 3C, D) . These latter constructs would assess the importance of sequence and positional context for any elements controlling regulated transcription. Histological sections of GUS stained panicles while still enveloped by leaf sheaths are shown in Fig. 3 . Fusion of uidA to RFL second exon (RFLLI2::GUS) results in strong and immediate GUS activity in the mature leaf sheaths (data not shown) 
a Prb-primary rachis branch primordia, srb-secondary rachis branch primordia. b Outer glume and lodicule primordia. c Infrequent patchy activity in elongating leaf blades and mature leaf sheaths. d GUS activity detected within 2-4 h. e Strong uniform activity throughout leaf blades and mature leaf sheaths. f GUS activity detected after ,8 h.
and elongating leaf blades (Fig. 3I ). This pattern is seen even before the transition of the vegetative meristem to a panicle meristem and this uniform reporter activity throughout the mature leaf sheaths and elongating blades is an ectopic profile. In addition, reporter activity was seen in the panicle albeit being somewhat delayed (, 8 h) ( Table  2) . Within the developing panicle the spatial distribution of GUS activity conferred by RFLLI2::GUS is identical to that observed in RFLg::GUS construct (compare Fig. 3E , F with Fig. 2D,H ; Table 2 ). Therefore, the expression is not ubiquitous to all cell types of the panicle with differentiating rachis branches and flower primordia. Further, sequences in RFLLI2::GUS direct the ectopic reporter activity to rapidly multiplying callus cells (data not shown). Corroborating these data we find that intron1 by itself (I1B::GUS) serves as a strong transcriptional enhancer of GUS expression in calli and vegetative tissues besides conferring spatially regulated expression in the young panicle ( Table 2 ). The construct I2B::GUS where intron2 was placed upstream to the minimal RFL promoter or the construct RFLLI1::GUS with 3.0 kb of the upstream sequences, exon1, exon2 and only intron2 positioned at its wild type context both drive rapid GUS expression specifically to young panicles (Figs. 3G, H; Table 2 ). Strikingly, the expression is very rapid (, 3 h) ( Table 2 ). This occurs without the ubiquitous ectopic leaf blade expression caused by intron1 sequences. The only non-specific expression in I2B::GUS was occasional weak, patchy, GUS activity at the nodes and young leaves; this non-specific expression is absent in plants with RFLLI1::-GUS construct (compare Fig. 3J with K; Table 2 ). Further, undifferentiated cells in calli transformed with I2B::GUS showed GUS activity (data not shown); a pattern similar to that obtained with the RFL basal promoter (BURL) and also one observed in constructs that do not contain far upstream sequence elements (2 3027 to 2 2661) (Table 1) . Notably, we never observed non-specific GUS expression in calli (data not shown) or vegetative tissues of the RFLLI1::GUS bearing transgenic lines (Figs. 3G, J; Table 2 ). Thus intron2 together with far upstream sequences can achieve a strong tissue and stage specific expression in only the young panicle. These data demonstrate the complete redundancy of intron2 with intron1 for transcription activation in the panicle and additive effects of intron2 with far-upstream sequences for repression of ectopic expression.
Conferring transcription activation in the panicle meristem to a heterologous promoter
The transcription regulation activity of the Arabidopsis thaliana LFY upstream sequences (2 2.3 kb) was examined in transgenic rice. In Arabidopsis these sequences are sufficient to attain precise expression in the young leaf and floral primordia, and these sequences can direct the expression of a LFY cDNA to complement null mutations at this locus (Blazquez et al., 1997) . A construct where the same 2 2.3 kb LFY sequences were translationally fused to GUS in the binary vector pCAMBIA1381Xc, was generated (Fig. 4A ). This reporter fusion was transformed into rice calli and several independent transgenic lines were generated. In all cases no reporter activity was detected in young panicle or flower (Figs. 4C, D) . These data emphasize the operation of cis-DNA elements unique to the RFL locus for the inflorescence/panicle-specific expression of this gene. We have examined the transcription activity of the RFL intron2 when placed upstream to the 2 2.3 kb Arabidopsis LFY sequences (Fig. 4B) . Since in this construct the proximal promoter elements, transcription start site are both from the LFY gene, it would examine the long range effects, if any, of RFL intron2. This construct would also analyze the capacity to utilize heterologous transcription start sites. RFL I2LFY::GUS transgenic plants express reporter activity in the panicle at cell types identical to that of RFL I2B::GUS (Figs. 4G, and 3H; Table 2 ). Intron2 thus has elements that function as strong, sequence context independent and long-range transcription enhancers D) . (E) and (F) Whole mounts of stems with panicles enveloped by leaf sheaths in plants with RFL I2LFY::GUS. Strong GUS activity is seen in prb primordia of a young panicle (red arrowhead in E). Reporter activity continues in developing secondary rachis branches (black arrow in F) but excluded from floral primordia (red arrow in F). (G) Longitudinal section of a young panicle in a RFL I2LFY::GUS transgenic plant. High level reporter activity in the developing primary rachis branch primordia is shown by the white arrow. GUS activity can also be seen in young leaf primordia (yellow arrowhead). (H) A very young spikelet meristem in a RFL I2LFY::GUS plant where reporter activity is evident specifically in the outermost layer of a young spikelet (green arrow). Scale bar is 100 2 mm in (G) and (H).
for regulated transcription in early stages of panicle and floral development (Compare Fig. 4C , D with E, F).
Discussion
LFY and its homologues from diverse plant species share a conserved function in assigning a floral/reproductive meristem fate. In Arabidopsis thaliana LFY is expressed uniformly in emerging leaf and flower primordia but not in the vegetative or inflorescence apical meristem (Weigel et al., 1992; Blazquez et al., 1997) . In many other species LFY homologues are expressed more ubiquitously; expression occurs in the vegetative apical meristem, in addition to floral/reproductive primordia (Kelly et al., 1995) . The function established, thus far, for many of these LFY homologues is in conferring floral/reproductive meristem fate. This was inferred from finding that several LFY like genes accelerate flowering in Arabidopsis as does ectopic expression of LFY itself (Weigel and Nilsson, 1995; Mouradov et al., 1998; Southerton et al., 1998) . A role for the expression in vegetative structures has been demonstrated only for the pea homologue: PEAFLO (UNI), wherein it contributes to compound leaf development (Hofer et al., 1997) .
The onset of expression for the rice LFY-like gene: RFL, contrasts with that in all other homologues. It is first expressed during panicle (inflorescence) initiation and branching several days prior to the formation of spikelet/-floral meristems. Strikingly, it is not expressed in the vegetative apical meristem (Kyozuka et al., 1998 and our data). We report its expression in spikelet meristems at a reduced level, and also in incipient floral meristems where it is restricted to specific cell types. We have demonstrated here that novel regulatory elements underlie this unique expression profile of RFL in the rice inflorescence and in the young spikelet meristems. While both RFL introns can function to direct spatially and temporally regulated expression in the developing panicle, intron1 and intron2 differ in their individual capacities to repress expression in vegetative tissues. RFL intron2 bears some features for repression of ectopic expression, these are altogether lacking in intron1. Yet, complete repression of all ectopic activity requires intron2 and upstream sequences; perhaps those located in the 2 3027 to 2 2661 segment (compare Figs. 3G, J with H, K; Fig. 5B ). This hypothesis is consistent with our finding that RFL intron2 alone cannot repress ectopic reporter activity in leaf sheaths of the plants with RFL I2LFY::GUS constructs. Similar interactions between positively acting promoter-proximal sequence modules and negatively acting far-upstream regulatory elements are responsible for the developmentally regulated expression of Endo16, a sea urchin mid-gut specific factor (Yuh and Davidson, 1996) .
We infer that transcription activation in the inflorescence meristem by RFL sequences is a species-specific property.
The Arabidopsis thaliana 2 2.3 kb sequences that regulate LFY expression in that species are unable to respond to flowering cues and induce expression in rice panicle. RFL intron2 placed upstream of the LFY promoter sequences can cause transcription activation in the panicle meristem utilising this heterologous promoter and transcription start site. These data suggest that regulatory circuits that activate RFL expression in the panicle meristem likely function through intron located elements.
Sequence comparison of RFL upstream sequences, intron1, intron2 and the Arabidopsis thaliana LFY promoter was done to identify potential elements that underlie the functionally redundant features in the RFL introns for expression in the young differentiating panicle and early floral meristems (Fig. 5A ). One such element is the RYrepeat (RY REPEAT VFLEB4)/Sph element, the second is the binding site for bHLH domain containing factors similar to the yeast transcription activator PHO4 (Baumlein et al., 1992; Shimizu et al., 1997) . Of these candidate cisregulatory sequences in the RFL introns the RY-repeats/ Sph elements take special significance. Sequence and analysis of the rice japonica chromosome 4 has recently been completed and FLORICAULA/LEAFY-like gene annotated here. Both indica and japonica genome sequences have these repeat elements in their introns (our data; Yu et Feng et al., 2002) . Therefore, it is unlikely that there is any variety/ecotype specific variation in the regulation of RFL. These repeats are neither present in RFL upstream sequences nor are they seen in the Arabidopsis thaliana LFY promoter. The core elements in this motif (CATGCATG) and similar consensus elements with alternating purine and pyrimidine base pairs are present in a wide range of regulated promoters (Baumlein et al., 1992; Hattori et al., 1995) . Initially this cis-acting element (CATGCATG) was identified as a binding site for VP1, a B3-domain containing maize transcription activator. A factor containing similar B3 domains has very recently been implicated in control of flowering. VRN1 is an Arabidopsis factor contributing to vernalization dependent (cold treatment) accelerated flowering (Levy et al., 2002) . VRN1 has been shown to activate FT, in a vernalization independent manner. FT and LFY in Arabidopsis are the two key regulators that integrate signals from various flowering inductive pathways (Kardailsky et al., 1999) . Our data from expression of RFL hint that its activation in the panicle possibly depends on regulators, perhaps those like VRN1. All of our data are consistent with the suggestion that hierarchy of regulation for RFL differs significantly from Arabidopsis. A reasonable corollary is that RFL might function in panicle branching as indicated by its altered expression pattern. This hypothesis is in line with models that predict evolution of novel morphological forms to arise from changes in regulation of a transcription factor and/or changes in transcription regulators themselves (Doebley and Lukens, 1998; Somerville and Somerville, 1999) . Whether both of these situations operate in the case of RFL awaits the reciprocal analysis of transgenic rice and Arabidopsis plants where these cDNAs are expressed from either their endogenous or from heterologous cis-regulatory sequences.
Various molecules that regulate LFY expression have been identified and studied in Arabidopsis thaliana. TFL is a potential signaling molecule, whose expression in the inflorescence apical meristem excludes LFY expression from this meristem (Bradley et al., 1997) . RCN1 and RCN2, are implicated to be rice TFL1 homologues because they rescue the Arabidopsis tfl1 mutation (Nakagawa et al., 2002) . A role for these rice genes in inflorescence development is deduced from the late flowering and highly branched panicle observed in transgenic rice overexpressing these TFL1 homologues (Nakagawa et al., 2002) . However, establishing the relationships between rice RCN1, RCN2 and RFL requires the analysis of their expression patterns in RFL loss-of-function and gain-of-function mutants. In Arabidopsis, a different regulator of LFY is CO that is a positive regulator of its expression in long days. However, HD1, the rice gene most closely related to CO represses flowering in long days (Yano et al., 2001) . These findings suggest opposing effects of a conserved regulator: CO, in two different species. Similarly, we find no evidence for GA-based induction of RFL, while LFY is activated by GA in short days. The altered expression profile of RFL also raises the possibility of different downstream target genes for this predicted transcription factor. This again is not unlike what is proposed for HD1 of rice. In the incipient rice floral meristem RFL is apparently not expressed uniformly, its expression is higher in layer1. Perhaps RFL function in other layers of the floral meristem may involve a nonautonomous mode of action as suggested for LFY and FLO (Sessions et al., 2000; Hantke et al., 1995) . In sum, our data contribute to understanding the mechanistic basis for the novel expression pattern of a conserved developmental regulator.
Experimental procedures
4.1. Subcloning and analysis of genomic sequences upstream of RFL Open-reading frame A 3.5 kb genomic fragment containing sequences upstream to the predicted RFL start codon was subcloned into pCRScript from a genomic cosmid clone isolated from a library. The recombinant was called URL. Candidate cisacting regulatory elements in this genomic segment were identified using various databases, for instance: PLACE (Plant cis-acting regulatory DNA elements database, http:// www.dna.affrc.go.jp/htdocs/PLACE/info.html), TESS (Transcription Element Search System, http//www.cbil.upenn.edu/tess), Promoter scan, (Higo et al., 1999) etc.
RNA in situ localization of RFL transcripts
In situ hybridization was performed according to Prasad et al., (2001) . The RFL 35 S UTP labeled anti-sense mRNA probe was synthesized using SP6 RNA polymerase on a XhoI restricted linear plasmid containing a RFL cDNA fragment (300 bp) representing the highly conserved Cterminal domain.
Translational fusions of sequences upstream to RFL start codon with uidA
The translational fusion: HURL (2 3027 to þ 1) was generated in vector pCAMBIA1381Xb, while the constructs EPP(2 3015 to þ 1), M1EPP(2 2661 to þ 1), M2EPP(2 2032 to þ 1), PURL(2 1360 to þ 1), BURL(2 544 to þ 1), and M3(2 394 to þ 1) were in the vector pCAMBIA1381Xc. In HURL a 3.03 kb HindIII fragment from URL was subcloned into pCAMBIA1381Xb such that translation initiates with RFL start codon, followed by a linker contributing nineteen codons, and then the uidA (GUS) gene beginning at its second codon. The construct PURL contains a 1.36 kb PstI and the construct BURL a 0.54 kb BamHI fragment, both these fragments represent sequences upstream to RFL start codon. For generation of the constructs EPP, M1EPP, and M2EPP, first a plasmid: DPURL was created so as to contain only sequences from 2 1356 to 2 3515 of RFL. DPURL was the template for PCR with one of the following forward primers m (5 0 -3015 GGAATTCTTATCGAAATTTATTTC 3 0 ), or m1 (5 0 -2661 CGAATTCCATACACTTGCCGTTGCT 3 0 ), or m2 (5 0 -2032 CGAATTCAGCGGACCCTAAGAAACC 3 0 ), with the reverse primer T7 (5 0 TAATACGACTCACTATAGGG 3 0 ). The resulting 1.67, 1.30 and 0.67 kb PCR fragments obtained were cloned as EcoRI-PstI fragments into the clone PURL to create EPP (2 3015 to þ 1), M1EPP (2 2661 to þ 1) and M2EPP (2 2031 to þ 1), respectively. For the construct M3, PCR was performed with the primers m3 (5 0 -394 CGAATTCTGTAGCATCACATAGGC 3 0 ) and T7 on the template, URL. The resulting 0.40 kb PCR product was cloned as a EcoRI-BamHI fragment into pCAMBIA1381Xc. All PCR fragments were authenticated by a combination of sequencing and restriction enzyme digestions.
Translational fusions to assess intragenic RFL sequences
The RFLg::GUS construct in pCAMBIA1301 was designed to contain 3.0 kb upstream sequences and all intragenic sequences upto 40 bp of exon3 of RFL in translational frame with uidA. These RFL upstream and intragenic fragments were assembled in three steps. First a , 4.78 kb HindIII -EcoRI fragment comprising 2 3027 bp to þ 1746 (with 5 0 half of intron2) was isolated from the genomic subclone rg 4-15. Secondly, using a different genomic subclone: rg 25 -9, as a template PCR was done with the forward primers g1 (5 0 þ 1746 GGAATTCAG-GAAGAGCTGGACACGC 3 0 ) and reverse primer g2 (5 0 þ 2361 CATGCCATGGCCCCGACCTTCTTCGCG 3 0 ). The PCR product (0.57 kb) contained the remaining 3 0 half of intron2 and 40 bp of exon3, was restricted with EcoRI-NcoI and then mixed with the above described 4.78 kb HindIII-EcoRI (2 3027 to þ 1746) fragment. These fragments were used in a three-fragment ligation with HindIII-NcoI digested vector pCAMBIA1301, where these RFL fragments replace the 35S CaMV promoter. The recombinant was called RFLg::GUS. To generate RFLDI2::-GUS, sequences from 2 3027 bp to 2 1360 bp were excised as a HindIII-PstI fragment from the construct HURL and ligated into PstI site of BamHI-PstI digested vector pCAMBIA1381Xb. This was followed by end-filling of the BamHI and HindIII sites and a self-ligation to generate the construct XbE-P. Subsequently 2.3 kb Pst I fragment, containing the remaining 2 1361 to þ 973 (in exon2), was cloned downstream of the Pst I site in above mentioned clone: XbE-P. This creates a fusion of uidA to RFL exon2 giving the construct RFLDI2::GUS. The latter was modified to create RFLDI1::GUS as described below. First, a Nco IHind III fragment (þ 360 to þ 985) consisting of 46 bp of 3' end of exon1, intron1 and 0.37 kb of exon2 was excised from RFLDI2::GUS. The remaining vector containing 3.4 kb fragment (2 3027 to þ 360) was termed mRFLDI2::
GUS, into which was cloned a cDNA fragment of exon1 and exon2. The cDNA fragment was generated by PCR on the plasmid-RFLE1E2 (pRSETB) containing a partial RFL cDNA. The forward primer used in this PCR was T7 (5 0 TAATACGACTCACTATAGGG 3 0 ), the reverse primer was E2gl (5 0 þ 985 CCCAAGCTTGCACCTGCAGCAGG 3 0 ). This Exon1-Exon2 cDNA was digested with NcoI and HindIII and ligated with the 14.0 kb mRFLDI2::GUS Nco IHind III fragment, to generate the recombinant RFLE1E2::-GUS. Into the latter intron2 was cloned downstream to exon2. Intron2 was produced by PCR on RFLg::GUS with primers I2U (5 0 þ 986 CCCAAGCTTCCATGGC-TAAGCTGC 3 0 ) and I2L (5 0 þ 2345 CCCAAGCTTGCCCC GACCTTCTTCGC 3 0 ). This 1380 bp PCR product contained 42 bp of the 3 0 end of exon2, intron2 and 40 bp of 5 0 end of exon3. It was cloned as a HindIII fragment into the intermediary clone RFLE1E2::GUS to finally generate RFLDI1::GUS. To create the plasmid I2B::GUS, RFLg::GUS was modified. It was digested with PstI to purify a 0.75 kb (þ 973 to þ 1752) fragment containing 21 bp of 3 0 end of exon2 and 0.74 kb of 5 0 end of intron2. This was then cloned back into the vector backbone generated by Pst I digestion of RFLg::GUS that had sequences from þ 1752 to þ 2361 (3 0 end of intron2 and 40 bp of exon3), fused to GUS. The resulting recombinant called I21301 had all of intron2, and part of RFL exon3 fused to GUS and does not contain any sequences upstream of þ 973. Into I21301 a 0.54 kb BamHI fragment (2 544 to þ 1) was subcloned at the BglII site to generate I2B::GUS. This 0.54 kb BamHI fragment contained the predicted RFL basal promoter and transcription start site. To generate I1B::GUS , intron1 flanked by segments of exon1 and exon2 was subcloned as SacI-BamHI (þ 232 to þ 710) fragment into pCAM-BIA1301. Subsequently again the 0.54 kb BamHI (2 544 to þ 1) fragment (basal promoter, transcription and translation start site) was cloned.
Reporter gene fusions to assay the Arabidopsis thaliana LFY promoter in rice
A 2.3 kb Arabidopsis LFY promoter was subcloned as Bam HI fragment into pCAMBIA1381Xc such that translation initiates with LFY start codon, followed by a linker contributing seventeen codons, and then the uidA(GUS) gene beginning at its second codon (Blazquez et al., 1997) . In addition the 2.3 kb BamHI fragment of LFY promoter was sucloned at BglII site of I21301 thus placing intron2 upstream of the LFY promoter and creating the recombinant RFL I2LFY::GUS.
GUS staining
Tissues for GUS staining were processed essentially as described in Sieburth and Meyerowitz (1997) . GUS activity assays were done for 2 -12 h at 378C.
Rice transformation
Transgenic plants for all constructs were generated by Agrobacterium tumefaciens mediated transformation of rice embryogenic calli (TP309 variety) (Hiei et al., 1994) . Plant regeneration was done as described in Prasad et al., (2001) .
